ABSTRACT Avian bile is rich in matrix metalloproteinases (MMP), the enzymes that cleave extracellular matrix proteins such as collagens and proteoglycans. Changes in bile MMP expression have been correlated with hepatic and gall bladder pathologies, but the significance of their expression in normal, healthy bile is not understood. We hypothesized that the MMP in bile may aid the digestion of native collagens that are resistant to conventional gastric proteases. Hence, the objective of this study was to characterize the bile MMP and check its regulation in association with dietary factors. We used substrate zymography, azocoll protease assay, and gelatin affinity chromatography to identify and purify the MMP from chicken bile. Using zymography and SDS PAGE, 5 bands at 70, 64, 58, 50, and 42 kDa were detected. The bands corresponding to 64, 50, and 42 kDa were identified as MMP2 using trypsin in-gel digestion and matrix-assisted laser desorption time-offlight mass spectrometry and peptide mass fingerprinting. Chickens fed diets containing gelatin supplements showed higher levels of MMP expression in the bile by both azocoll assay and zymography. We conclude that the bile MMP may be associated with the digestion of collagens and other extracellular matrix proteins in avian diets.
INTRODUCTION
Bile is the hepatic fluid consisting of a complex mixture of bile acids, cholesterol derivatives, heme-derived pigments, mucins, enzymes, and protein breakdown products (Trauner and Boyer, 2003) . It is also responsible for the emulsification and digestion of fat in the intestine (Tuchweber et al., 1996; Hornbuckle, 1997) . Previously we showed that normal turkey bile contained substantial gelatinolytic activities that belonged to the matrix metalloproteinase (MMP) family of enzymes (Rath et al., 2001) . The MMP are zinc-dependent endopeptidases that degrade extracellular matrix (ECM) and non-ECM proteins during tissue remodeling (Nagase et al., 2006; Iyer et al., 2012) . The elevation of bile MMP has been generally linked to hepatic pathologies involving fibrosis, cancer, bile duct, and gall bladder diseases in humans and other mammalian models (Okada et al., 2001; Consolo et al., 2009; Kirimlioğlu et al., 2009; Hirashita et al., 2012; Syed et al., 2012) . A recent study in fish showed that the elevation of their bile MMP levels was associated with aquatic pollution (Hauser-Davis et al., 2012) . Nonetheless, the significance of MMP in bile fluid is not fully understood. We hypothesized that the bile MMP may serve to denature and digest native ECM proteins, such as collagens. The ECM proteins constitute major parts of animal connective tissue that are part of the natural diets of omnivorous birds (Duke, 1997; Klasing, 1998; Hauser-Davis et al., 2012) . Because the native interstitial collagens can be resistant to degradation by conventional digestive proteases, the MMP in bile could likely aid their denaturation and subsequent digestion (Bornstein et al., 1966; Etherington, 1977; Chung et al., 2004) . However, the exact nature of avian bile MMP is not known, because in aves, as in mammals, several classes of MMP with different substrate specificities exist (Snoek-van Beurden and Von den Hoff, 2005; Nagase and Visse, 2009; Sekhon, 2010) . Therefore, the objective of the current study was to isolate and characterize the bile MMP and find whether certain feed additives can modulate their activities and digestive function.
MATERIALS AND METHODS

Chemicals and Reagents
Azocoll (mesh >50, EMD Millipore, Billerica, MA), BCA protein assay reagent (Pierce, Rockford, IL), calf skin soluble type I collagen (Worthington Biochemical Corporation, Lakewood, NJ), dithiothreitol (DTT; Omnipur, EMD Millipore), GM 6001, E-64 {N-[N-(L-3-trans-carboxyirane-2-carbonyl)-L-leucyl]-agmatine, a cysteine protease inhibitor; EMD Millipore}, iodoacetamide (ICN Biomedicals Inc., Aurora, OH), Omix Tips C18 (Varian, Palo Alto, CA), page ruler protein molecular weight markers (ThermoScientific, Rockford, IL), Spectra/Por molecular weight cut-off (MWCO) 3500 dialysis membrane (Spectrum Medical Industries Inc., Fort Mill, SC), gelatin sepharose 4B (GE Healthcare, Buckinghamshire, United Kingdom), SilverQuest silver staining kit (Invitrogen, Carlsbad, CA), trypsin gold, mass spectrometry grade (Promega, Madison, WI), chromatography mini column (VWR, Radnor, PA), and Ultrafree-MC 10000 NMWL filter unit (EMD Millipore) were purchased from their respective vendors. The poultry diets were made according to NRC specifications (NRC, 1994) . The feed supplements were obtained from local suppliers, except for the beef gelatin, which was purchased from Lucky Vitamin (Conshohocken, PA; luckyvitamin.com). All other chemicals and reagents, including porcine skin gelatin type A, 4-aminophenylmercuric acetate (APMA), phenylmethyl sulfonyl fluoride (PMSF), leupeptin, and α-cyano-4-hydroxycinnamic acid were obtained from Sigma-Aldrich Chemical Company (St. Louis, MO).
Bile Collection
The animal protocols were approved by the Institutional Animal Usage and Care Committee of the University of Arkansas. Bile was obtained from euthanized chickens using sterile syringes, centrifuged at 21,000 × g for 20 min at 4°C, and the supernatant was stored at −20°C until further analyses. Protein content was determined by the micro-BCA method and absorbance at 280 nm (A 280 ) as necessary.
Gelatin and Collagen Zymography
Zymography was performed using 10% PAGE containing 0.1% porcine gelatin or 0.08% type I skin collagen, as described previously (Rath et al., 2001 ). Intact bile or the gelatin-sepharose affinity purified bile proteins were mixed with nonreducing Laemmli sample buffer (Sigma-Aldrich) and electrophoresed at constant voltage of 100 V in a Novex gel apparatus (Invitrogen). The gels were washed twice with 2.5% triton X-100 (Sigma-Aldrich) for 15 min each, and incubated in a buffer consisting of 50 mM Tris, 200 mM NaCl, 10 mM CaCl 2 , and 0.05% Brij-35, pH 7.6 (incubation buffer; IB) for 5 to 8 h at 37°C. The gels were stained with Coomassie brilliant blue R250 (Sigma-Aldrich) to visualize gelatinolytic and collagenlytic bands. The SDS-PAGE gels were stained with SilverQuest silver staining kit and documented using Gel Logic GL2200 (Carestream Health Inc., Rochester, NY). The approximate molecular weight (MW) of the bands, and their intensities were determined using the Gel Logic system. The MMP activities of samples were expressed as sum of their band intensities per microgram of protein. To test for the activation of enzyme, the bile samples were incubated with 1 mM APMA for 30 to 60 min at 37°C.
Azocoll Assay
The MMP activity was determined using the azocoll method of Jiang et al., (2007) with modifications. Ten microliters of bile sample containing 5 to 10 µg of equivalent protein were added to 190 µL of azocoll suspension (3 mg/mL of IB) and incubated with or without any inhibitor at 37°C for 15 h. The blanks consisted of azocoll reaction mixture to which bile was added after incubation. The tubes were centrifuged for 5 min at 2,000 × g at room temperature, transferred to 96-well microtiter plates, and the color was read at 520 nm. Each sample was assayed in triplicate. Different protease inhibitors, 20 mM EDTA (divalent ion chelator and MMP inhibitor), 1 mM PMSF (serine protease inhibitor), 20 µM E64 (cysteine protease inhibitor), 10 µM leupeptin (cysteine, serine, threonine protease inhibitor), and 20 µM GM 6001 (MMP inhibitor), were used to identify the nature of the bile proteases. The percentages of enzyme activities were calculated with respect to controls.
Affinity Purification of Bile MMP
Pooled samples of chicken bile were dialyzed against IB using 3500 MWCO Spectra/Por membrane with 3 successive changes. Affinity purification was performed on a gelatin-sepharose column following the procedure of Zhang and Gottschall (1997) . Briefly, 1 mL of gelatin sepharose beads was loaded in a minicolumn, equilibrated with IB twice with the dialyzed bile added to cover the bed volume, and incubated for 4 h at 4°C. Unbound materials were eliminated with 3 successive washings with IB. The bound materials were eluted with 1mL of IB containing 10% dimethyl sulfoxide. The eluants were concentrated using 10,000 MWCO Ultrafree-MC Millipore filter. The protein content of the retentate was determined by A 280 and subjected to PAGE and gelatin zymography. The zymogram gels were incubated for 3 h.
In-Gel Digestion
The silver-stained protein bands were excised using a spot picker (The Gel Company, San Francisco, CA), transferred to sterile tubes, destained, and washed with water twice for 15 min. The gel pieces were then washed for 1 h sequentially with 25 mM ammonium bicarbonate (NH 4 HCO 3 ) and 50% acetonitrile (ACN) in 50 mM and vacuum dried. The dried gel pieces were subjected to reduction with 10 mM DTT at 56°C for 1 h followed by alkylation with 55 mM iodoacetamide for 1 h in the dark at room temperature. Trypsin (20 ng/µL) was added in volume enough to hydrate the gel pieces in ice for 20 min followed by the addition of 50 µL of 25 mM NH 4 HCO 3 before overnight incubation at 37°C. Gel pieces without any protein were treated identically as control to subtract artifact-associated peaks. The digested peptides were eluted from gels with 5% formic acid in 50% ACN for 15 min twice in an ultrasonic water batch (Branson 3200, Branson Ultrasonics, Danbury, CT). The extracted peptides were concentrated using a CentriVap centrifugal vacuum concentrator (Labconco, Kansas City, MO) and desalted using Omix C18 tips. Aliquots of desalted solutions were mixed with equal volumes of saturated α-cyano-4-hydroxycinnamic acid prepared in 1:1 ratio of water and ACN containing 0.1% formic acid then spotted on a Bruker MTP384 target plate (Bruker Daltonics, Billerica, MA) to identify the peptides using matrix-assisted laser desorption (MALDI) time-of-flight (TOF) mass spectrometry and peptide mass fingerprinting (Rosenfeld et al., 1992; Hellman et al., 1995) .
Mass Spectrometry
Mass spectra were obtained in reflector positive ion mode using a Bruker Daltonics Ultraflex II MALDI-TOF/TOF mass spectrometer. The background peaks present in trypsin-treated control gel pieces were removed and the MALDI peptide mass fingerprint (PMF) was subjected to tandem MS/MS using MALDI LIFT-TOF/TOF (Bruker Daltonics). Bruker Biotools 3.1 was used to combine PMF and LIFT-MS/MS data and searched against National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) nonredundant Gallus gallus database using the Mascot 2.2 search engine to identify the protein(s). Single missed cleavage, fixed carbamidomethylation of cysteine, variable methionine oxidation, 100 ppm error at the MS level, and 0.5 Da error at the MS/MS level were used during the database search.
Effect of Dietary Additives on Bile MMP
Fifty male broiler chickens from a local hatchery were randomly assigned to 5 groups and received feed according to NRC specifications (NRC, 1994), with or without specified supplements, and ad libitum water. The control birds received a normal diet whereas the rest of the groups received supplements consisting 4% of either beef gelatin, skim milk powder, rice powder, or lard from d 1 through 43. Feed was withdrawn overnight before euthanasia to retain bile in the gall bladder. The birds were weighed before killing by carbon dioxide asphyxiation, and the bile was collected from the gall bladder as described previously. The protein content of bile was determined by micro-BCA method. The MMP activity was estimated by azocoll assay and zymogram densitometry. The azocoll assay was performed in triplicate using 5 bile samples per group and incubated for 10 h. The groups were compared using the optical density of the dye released per microgram of protein. In densitometry, the activities were calculated as gelatinolytic intensities per microgram of protein.
Cathepsin Activity of Bile
To demonstrate that the gelatinolytic activities were not related to cathepsin, the bile samples were electrophoresed in duplicate using a gelatin-containing gel and divided into 2 halves to develop zymogram. One half of the gel was incubated in MMP IB and the other half in a cathepsin incubation buffer (100 mM Na phosphate, 1 mM EDTA, and 2 mM DTT, pH 5.5). Gels were equilibrated with cathepsin incubation buffer for 30 min, replaced with fresh buffer, and incubated for 5 h at 37°C (Wilder et al., 2011) . The cathepsin and MMP zymogram were visually compared.
Statistics
The results from quantitative assays, such as the effect of various inhibitors on azocoll protease activity and the densitometry, were presented as mean ± SEM. Software from SAS (SAS Institute Inc., Cary, NC) was used to perform a 1-way ANOVA and Duncan's t-test. A P-value of ≤0.05 was considered to be significant.
RESULTS
Zymography
Gelatin zymography showed 5 gelatinolytic bands corresponding to approximate MW of 70, 64, 58, 50, and 42 kDa respectively (Figure 1a) , whereas the collagen zymography showed only 4 bands. Due to differential mobility of MW standards in collagen zymography, an approximate alignment with gelatin showed only 4 bands corresponding to 70, 64, 58, and 42 kDa, respectively (Figure 1b 
Effect of Inhibitors on Azocoll Protease Activity
Azocoll proteolysis was inhibited by both MMP inhibitors, EDTA and GM 6001, but not by serine or cysteine protease inhibitors, such as E64, leupeptin, and PMSF (Figure 3) . Cathepsin activity was not evident in the samples analyzed (data not shown).
Affinity Purification and Molecular Characterization of MMP
The bands corresponding to 64, 50, and 42 kDa (Figure 4) were all identified as type IV collagenase preproprotein (NCBI reference sequence NP_989751.1) based on their PMF as listed in Table 1 . The band at 64 kDa was identified using 20 peaks in the PMF ( Figure 5 ) and LIFT-TOF/TOF (MS/MS) data corresponding to 5 peptide peaks at m/z 1,071, 1,563, 1,579, 1,670, and 2,107, respectively. Mascot search of the combined PMF (MS) and LIFT-TOF/TOF (MS/MS) data showed a significant protein hit (P ≥ 0.05, Mascot score 253; Matrixscience, 2013) , with a sequence coverage of 29% and matching peptides distributed from 1 to 646 of the amino acid sequence. The peak at m/z 1,670 ( Figure 6 ) had the highest Mascot ion score, 82, compared with the peaks at 2,107, 1,580, 1,564, and 1,071 with ion scores of 57, 28, 26, and 10 respectively. The band at 50 kDa was identified using 17 peaks (Table 1) , including the same 5 peptides with LIFT-TOF/TOF (MS/MS) data. This identification was based on a lower Mascot score (250), with a 25% sequence coverage and peptide hits covering protein sequence from positions 1 to 590 (Table 1) . Similarly the band at 42 kDa was identified based on a lower Mascot score of 220, sequence coverage of 26%, and peptide hits distributed from 1 to 492 of the amino acid sequence.
Effect of Feed Supplements on Bile MMP Activity
Chickens fed diets containing 4% gelatin showed a statistically significant increase in MMP activities based on azocoll assay (Figure 7 ). Both gelatin and milk powder supplements increased gelationolytic activities determined by zymogram densitometry ( Figure  8 ).
DISCUSSION
Bile plays an important role in digestive physiology, especially in the emulsification and digestion of fat (Tuchweber et al., 1996) . We hypothesized that biliary MMP perhaps aids in the digestion of native collagenous proteins, which constitute a significant fraction of body proteins of both vertebrates and invertebrates (Duke, 1997; Engel, 1997; Klasing, 1998) . Although collagens are assumed to be digested by gastric enzymes at low pH, the fibrous interstitial collagens are general- ly resistant to proteases, such as pepsin, chymotrypsin, and trypsin, unless denatured (Bornstein et al., 1966; Harkness et al., 1978) . Cysteine cathepsins, which can digest collagens under low pH, are not known to occur in normal gastric secretions other than in some pathological conditions (Nagy et al., 1997; Reiser et al., 2010) . The mammalian MMP, such as MMP1 and 3, but not MMP2, are capable of denaturing and cleaving interstitial, fibrillar collagens under neutral pH conditions (Fields, 2013) . Our results showed that MMP protein bands in avian bile belonged to 72 kDa type IV collagenase, also known as MMP2, or gelatinase A (Aimes and Quigley, 1995; Hahn-Dantona et al., 2000; Murphy and Nagase, 2008) . The lower MW bands (50 and 42 kDa) appear to be the truncated version of the same MMP2 because they lacked sequence coverage in the C-terminal domain compared with 64-kDa band (Table  1) . In MMP2, the signal, propeptide and catalytic domains are located near the N terminus and the hemopexin domain at the C terminus that binds substrates and tissue inhibitors of MMP (Patterson et al., 2001; Morgunova et al., 2002; Piccard et al., 2007) . Chicken MMP2 has collagenase activity because it can denature and cleave triple helical collagens to produce characteristic three-fourths and one-fourth fragments (Aimes and Quigley, 1995;  Hahn-Dantona, Aimes and Quig- ley, 2000; Patterson, Atkinson, Knauper and Murphy, 2001) ; hence, it is capable of denaturing and digesting fibrillar collagens.
Next we asked if MMP was critical to the digestive process of the birds, then posited that it may be modulated by their dietary factors resulting in an increase of their digestive activities. Diet-induced adaptive modulation of digestive enzymes has been observed in birds (Karasov and Hume, 1997; Karasov et al., 2011; Brzęk et al., 2013) . Although direct correlation of dietary protein content and digestive proteases were demonstrated in mammals (Hara et al., 2000) , such a correlation has not been established in birds. Our results with azocoll protease activity assay and densitometry of gelatinolytic bands showed that the gelatin-supplemented diets increased bile MMP levels, although a modest increase by milk was observed. Nonetheless, the gelatin-induced elevation of bile MMP suggests that food types may regulate adaptive modulation of their function.
Apart from collagen digestion, we cannot exclude the possibility of other gastrointestinal functions of MMP, such as their ability to activate of growth factors, antimicrobial proteins, and other proteases, including MMP and several receptor proteins, which need to be explored in the context of digestive physiology (Amadesi and Bunnett, 2004; Sengupta and MacDonald, 2007; Nagase and Visse, 2009 ). In conclusion, our results show that chicken bile constitutively secretes type IV collagenase (MMP2), which can then be modulated by their dietary constituents, and these enzymes possibly help in the digestion of ECM proteins in their diets.
